Background. Inflammatory markers vary considerably over time in haemodialysis (HD) patients, yet the variability is poorly defined. The aim of the study was to assess changes of plasma levels of pentraxin-3 (PTX-3), C-reactive protein (CRP), albumin and homocysteine (Hcy) over 3 months and the association between the changes in these biomarkers and mortality. Methods. In 188 prevalent HD patients, inflammatory markers were measured at inclusion and after 3 months. Mortality was recorded during a median follow-up of 41 months. The changes of the biomarker levels were categorized according to change in tertile for the specific biomarker. The variation was calculated as the intra-class correlation (ICC). Mortality was analysed by KaplanMeier and Cox proportional hazards model. The predictive strength was calculated for single measurements and for the variation of each inflammatory marker. Conclusions. PTX-3 measurements are less stable and show higher variation within patients than CRP, albumin and Hcy. Persistently elevated PTX-3 levels are associated with high mortality. Moreover, in multivariate logistic regression we found that stable high PTX-3 adds to the mortality risk, even after inclusion of clinical factors and the three other biomarkers. The associations of decreasing albumin levels as well as low Hcy levels with worse outcome reflect protein-energy wasting.
Introduction
The role of inflammatory biomarkers as predictors of morbidity and mortality in chronic kidney disease (CKD) patients is debated [1, 2] . CKD patients are repeatedly exposed to inflammatory stimuli, and serum levels of inflammatory markers show a substantial inter-and intraindividual variation over time [3, 4] . The variability of the inflammatory response is influenced by traditional risk factors such as age, body mass index (BMI), smoking [5] , comorbidities, inter-current events and factors related to declining renal function and the dialysis procedure, i.e. bio-incompatibility, ultrafiltrate backflow and vascular access factors [6, 7] . Malnourished dialysis patients often have protein-energy wasting (PEW), a well-known complication of CKD described as a progressive loss of body mass and energy reserves [8] .
Both pentraxin 3 (PTX-3) and C-reactive protein (CRP) are members of the pentraxin family of proteins considered to be markers of the acute phase of inflammation [9] . CRP is the most used inflammatory biomarker as a predictor of comorbidities and mortality in patients with CKD [10] . The relationship between longitudinal inflammatory variation and mortality risk is of interest, and recently a study of CRP variation over a 3-month period in prevalent haemodialysis (HD) patients show an association with a higher mortality risk [6, 11, 12] . In contrast to CRP that is synthesized in the liver, PTX-3 is produced in vascular endothelial cells, neutrophils and macrophages. Neutrophil granules serve as a reservoir of PTX-3 and can rapidly release PTX-3 in response to microbial recognition and inflammatory signals. PTX-3 can, therefore, directly reflect the inflammatory status in the vasculature [13] . Elevated PTX-3 levels reflect endothelial dysfunction in CKD patients [14] .
As far as we know, the impact of longitudinal variation of PTX-3 on mortality has not been studied yet. The aim of the present study was to study changes of PTX-3 and other biomarkers over time and their association to mortality. We compare the mortality risk associated with changes in PTX-3 with a pure inflammatory marker (CRP), a negative acute-phase reactant (albumin) and the metabolic marker homocysteine (Hcy).
Materials and methods

Subjects and study design
This study comprises individuals from the Mapping of Inflammatory Markers in Chronic Kidney Disease (MIMICK) cohort, the protocol of which has been described elsewhere in more detail [5] . In total, 188 HD patients who had two consecutive measurements of CRP, PTX-3, albumin and Hcy 3 months apart, were included. The study protocol was approved by the Ethics Committee of Karolinska Institutet, Stockholm, Sweden, and informed consent was obtained from each patients.
Comorbidity and nutritional status assessments
Comorbidities were classified according to Davies et al. [15] on a seven-point scale which is simplified into three risk categories (low, medium and high comorbidity risk). Nutritional status was assessed by the subjective global assessment (SGA), BMI, lean body mass index (LBMI) and fat body mass index (FBMI) [16] . SGA was trans-calculated to a three-point scale (1 = normal nutritional status, 2 = mild-tomoderate malnutrition and 3 = severe malnutrition) [17] , and poor nutritional status was defined as an SGA > 1. BMI was calculated as body weight (kg) divided by the squared height (m). The skinfold thicknesses were assessed at four sites (biceps, triceps, subscapular and suprailiac) using a skinfold calliper (Cambridge Scientific Instruments, Cambridge, MA), and FBM was estimated from these data according to Durnin and Womersley [18] .
Laboratory analysis
PTX-3: the plasma and serum were centrifuged (2500 g, 20 min, 4°C) within 30 min, and samples were kept frozen at −70°C if not analysed immediately. Plasma PTX-3 concentration was measured by using a commercially available enzyme-linked immunosorbent assay kit (Perseus Proteomics Inc., Tokyo, Japan).
High-sensitivity CRP was measured by an immunometric assay (Immulite, DPC, Siemens, CA), and serum albumin levels were determined by routine procedures at the Department of Clinical Chemistry, Karolinska University Hospital. To analyse total Hcy, 10 µL tri-n-butylphosphine was mixed in glass tubes with 100 µL plasma and kept for 30 min at +4°C in order to reduce thiols and to decouple protein-bound thiols. Then, the proteins were precipitated with 100 µL of 10% (vol/weight) trichloroacetic acid (TCA) containing 1 mM ethylenediamine tetraacetate and again resting 30 min at + 4°C pending centrifugation for 5 min at +4°C, 5100 g. The centrifugated filtered (0.22 µm UFC 30GVNB, Millipore) supernatant was stored at −70°C until analysed [19] .
Statistical methods
The patients were grouped according to within which tertile (33rd and 66th percentiles) their baseline and 3-month levels of PTX-3, CRP, albumin and Hcy were. Four groups were created: (i) patients with a decrease in serum levels over the 3-month period (from high-to-middle, middle-to-low or high-to-low tertiles) were assigned as 'decrease group'; (ii) patients with an increase (from lowto-middle, middle-to-high and low-to-high tertiles) were assigned as an 'increase group'; (iii-iv) individuals with both values within the highest tertile or the lowest and middle tertile of distribution were assigned as 'stable high group' and 'stable low group', respectively. For PTX-3, the 33rd and 66th percentiles were 7.9 and 13.6 ng/mL for baseline measurements and 6.9 and 12.1 ng/mL for the 3-month measurements.
All values are expressed as mean ± standard deviation, median (10-90 percentiles) or percentage, as appropriate. Comparisons of nominal variables between groups were made by χ 2 test. Differences between the four groups were analysed using the non-parametric one-way analysis of variance Kruskal-Wallis. We used differences over the Table 1 . Baseline characteristics of all patients included in the study and after stratification according to PTX-3 tertile variation categories in MIMICK subjects Data are expressed as median (10-90 percentiles) . Differences between groups were tested by means of Kruskal-Wallis tests.
3-month period (ΔPTX-3, ΔCRP, Δalbumin and ΔHcy) for Spearman's rank correlation. To study within-subject variation for the markers, ICC was calculated from estimates of between-subject and within-subject variance and derived from a mixed model [20] . Survival was assessed through the Kaplan-Meier analysis and the Cox proportional hazards model. Age, sex, comorbidities and nutritional status were used as confounders in the multivariate Cox models. All variables were tested for the proportionality hazards assumption. The significance level in all analyses was set at a P-value of <0.05. Clinical outcome was expressed as hazard ratios (HRs) and 95% confidence intervals (95% CIs). All statistical analyses were performed using statistical software SAS version 9.4 (SAS Campus Drive, Cary, NC).
Results
Patients in the 'PTX-3 stable high group' had significantly lower albumin, BMI, LBMI, FBMI and higher Davies score compared with the 'stable low PTX-3' group (Table 1) indicating that patients with elevated PTX-3 were wasted and had more comorbid conditions. The patients in the stable high PTX-3 group had a significantly higher mortality rate than the stable low group. Age, sex, dialysis vintage, presence of CVD or PEW according to SGA showed no significant differences between groups. At baseline, patients with CVD, PEW or inflammation had significantly higher levels of PTX-3 and CRP, and significantly lower levels of albumin and Hcy. There were significant associations between PTX-3 and BMI (rho = −0.33, P < 0.001), LMBI (rho = −0.35, P < 0.001) and FBMI (rho = −0.26, P < 0.01).
Longitudinally, ΔPTX-3 was significantly associated to ΔCRP and inversely associated to Δalbumin but not to ΔHcy. There was a significant inverse association between Fig. 1 . Variance components for PTX-3, CRP, albumin and Hcy in HD patients. The ICC was calculated from estimates of between-subjects and within-subjects derived from mixed models. ΔCRP and Δalbumin, but there was no association between ΔCRP and ΔHcy ( Table 2) .
Variability of PTX-3, CRP, Hcy and albumin
From the variation of PTX-3, CRP, albumin and Hcy, the ICC was calculated and the within-subject variation was most pronounced for PTX-3 having the lowest ICC (44%). Hcy had the highest ICC (81%), indicating that most of the observed variability in a given assay is explained by betweensubject variation, implying greater stability within individual patients upon repeated measurements over time. In contrast, the low ICC of PTX-3 implies that the within-subject variation is high and that repeated measurements in the same individuals over time will yield more disparate results (Figure 1 ).
Mortality risk showed as crude and adjusted HR
The mortality risk was assessed for groups of PTX-3, CRP, albumin and Hcy as crude and adjusted HRs. In the present study, 88 (47%) individuals died during the observation time of 41 (11-50) months and in unadjusted crude analysis the best survival was seen in the stable high-albumin group (Figure 2A-D Figure 3A-D) .
Relative contributions of factors explaining the variation of clinical outcome
We studied the impact of various clinical and demographic factors on the mortality risk by logistic regression. In the first model, we included age, sex and Davies comorbidity score ( pseudo r = 0.22). In Model 2, we added the effect of being in the Hcy decrease group, increase group and stable low group compared with the reference stable high group ( pseudo r = 0.25). In Model 3, we added the effect of being in the albumin decrease group, increase group and stable low group and used stable high group as reference ( pseudo r = 0.26). Similarly, in Model 4, we added the effect of being in the CRP decrease group, increase group and stable high group compared with the stable low group as reference ( pseudo r = 0.34). In Model 5, we added the effect of being in the PTX-3 decrease group, increase group and stable high group compared with the stable low group as reference ( pseudo r = 0.36) (Figure 4 ).
Discussion
The long pentraxin PTX-3 has an important role in the innate immune system as outlined in Figure 5 . Together with the short pentraxins, CRP and serum amyloid P, PTX-3 is a member of a family of ancient proteins whose structure is well-preserved throughout evolution [21] . CRP is synthesized in the liver in response to interleukin 6 (IL-6) and other inflammatory factors while PTX-3 is synthesized in the vasculature in response to inflammatory mediators such as lipopolysaccharides, interleukin 1β and tumour necrosis factor α but not to IL-6 [22] . As a tuner of the immune system, PTX-3 is involved in pathogen recognition, complement activation and regulation, which improves the defence against various infections, but also in angiogenesis and atherosclerotic lesion development. The role of PTX-3 in the atherosclerosis process is debated; on one hand studies show that PTX-3 has an active part in foam formation in plaques and takes part in activation of the classical complement cascade [23] [24] [25] , and on the other hand another study shows cardioprotective effects of PTX-3 in healthy men [26] . This is the first study to show repeated measurements of PTX-3 in a dialysis cohort. Our main findings are that PTX-3 is highly variable within individuals, even more so than CRP and that the trimestral variation of PTX-3 associate to mortality. According to the ICC analysis, a method to compare estimates of between-subjects and withinsubject variances, PTX-3 had the highest intra-individual variation during the study followed by albumin, CRP and Hcy (Figure 1) .
The inflammatory markers PTX-3 and CRP are positively associated while albumin and Hcy are negatively associated with a higher mortality risk. After adjustments for clinical factors, the PTX-3 stable high group and the CRP increase and stable high groups remained significantly associated with high mortality risk compared with stable low groups of these markers (Figure 3) . Moreover, in multivariate logistic regression we found that stable high PTX-3 adds to the mortality risk, even after inclusion of clinical factors and the three other biomarkers (Figure 4) . Low serum albumin is associated with poor outcome in dialysis patients [27] and is widely used as a surrogate marker for nutritional status in CKD patients. However, albumin is a negative acute-phase reactant that has a much stronger inverse association to inflammation in CKD patients and should mainly be considered as an inflammatory marker [28, 29] . In the crude analysis, patients in the stable low and decrease albumin groups had higher mortality risk. In the adjusted model, only the decrease albumin group had a significantly higher mortality risk demonstrating that a decreasing albumin level is a clinical warning sign.
In the general population, high Hcy levels are associated with worse cardiovascular outcome. However, in CKD patients, there is an inverse association between Hcy levels and cardiovascular complications and mortality [30, 31] . We confirm a similar association in the crude analysis between low Hcy levels and a higher mortality risk. Patients in the stable low Hcy group had significantly increased mortality risk after adjustments for age, sex and comorbidity compared with stable high Hcy group. As discussed previously, the association between low Hcy levels and worse outcome may be explained by malnutrition in HD patients.
The variability of CRP (ICC = 0.59) in our study is in agreement with a recent study of healthy subjects which showed an ICC level of CRP (ICC = 0.62) [32] . In contrast, ICC for PTX-3 was 0.44 and thus had much higher intraindividual variation which may reflect more rapid changes than for CRP due to local production of PTX-3 while CRP is produced in the liver.
Local ischaemic and inflammatory events quickly stimulate production of PTX-3 in the vasculature and PTX-3 is rapidly detectable in the systemic circulation. In patients with coronary disease, PTX-3 plasma levels peak much earlier after a myocardial infarction (MI) than CRP levels (7.5 versus 50 h) [33] . Although constantly increased levels in HD patients, the plasma PTX-3 levels increase significantly in the first hour of a HD treatment while CRP does not change [34] . This may be a consequence of local synthesis of PTX-3 following the activation of both immune and inflammatory responses. Furthermore, changes in PTX-3 and CRP levels over a 3-month study period show a significant association while there is an inverse association between changes in PTX-3 and albumin levels as expected (Table 2) .
PTX-3 also reflects ischaemic and inflammatory events in the vasculature and is produced both by endothelial cells, neutrophils and macrophages. In CKD patients, high concentrations of PTX-3 predict all-cause mortality and are independently associated with endothelial dysfunction indicating that PTX-3 is a biomarker of peripheral vascular damage [9] . In diabetic patients CKD Stage 1, serum PTX-3 levels show association with endothelial dysfunction independent of CRP [35] which is conformed in a recent study where elevated levels of PTX-3 in CKD patients reflect endothelial dysfunction [14] .
From our data, we report that there are significant associations between PTX-3 and BMI, LBMI and FBMI. We also found that PTX-3 stable high group shows significant lower BMI, LBMI and FBMI compared with PTX-3 stable low group. Our data conform with a recent study of Witasp et al. [36] , showing that loss of BMI causes increased PTX-3 which indicate that high PTX-3 reflects wasting.
Although many studies during the last decade have found that PTX-3 is important in the context of CVD, its role is debated. Is PTX-3 just a biomarker or has it a causative or preservative role in the development of atherosclerosis? In an experimental model of MI greater lesions were found after induced MI in PTX-3 knock-out mice than in animals with normal PTX-3, suggesting a protective role of PTX-3 after an ischaemic insult [37] . Therefore, the PTX-3 level may rather be a marker of the magnitude of the defence activation, and thus a marker for the size of the injury. However, other studies suggest that PTX-3 is a biomarker of or part of the atherogenesis; immunohistochemical staining of atherosclerotic plaque in humans reveal a strong expression of PTX-3, and large amount of PTX-3 is found in human thrombi after an acute MI and increased levels of PTX-3 correlate with worse outcome in patients with heart failure [38, 39] . Further studies are needed to understand the role of PTX-3.
Several limitations should be considered when evaluating the relevance of our study: first, this is an observational study with a limited number of conventional HD patients, the PTX-3 variation may differ in patients treated with other dialysis modalities. Secondly, blood tests are drawn before an HD treatment and the patients were non-fasting. Third, the variation is assessed only by two measurements with 3 months in between and finally, the pathophysiologic mechanisms of PTX-3 in relation to the process of vascular damage in CKD patients have not been investigated.
When analysing the trimestral variations of biomarkers in this cohort of 188 HD patients, we found that the PTX-3 stable high group and the CRP increase group remained significantly associated with high mortality risk compared with stable low groups of these markers after adjustments for clinical factors. This is in concordance with the hypothesis that high PTX-3 levels as well as decreasing albumin levels reflect PEW in HD patients. Interestingly, PTX-3 showed higher variation within patients than CRP, albumin and Hcy according to the ICC analysis, which may be a reflection of the more rapid changes in PTX-3 levels compared with other biomarkers. These findings show that repeated measurements help in predicting mortality risk in HD patients and PTX-3 add to the mortality risk evaluation, even after inclusion of clinical factors and the three other biomarkers. Further studies are needed to investigate the underlying mechanisms linking PTX-3 to endothelial dysfunction and CVD.
